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The equations USLE (Wischmeier & Smith 1978) and RUSLE (Renard et al. 1997) are widely used and accepted methods over the world for calculating average annual soil loss. Development of geoinformation systems (GIS) brings a lot of possibilities for integration with the equations as USLE/RUSLE-GIS method. Using GIS tools different methods for estimating each factor of USLE or RUSLE were developed. These methods can provide different results even when the same equation was used. Rainfall erosivity is the main factor of the USLE or RUSLE equation and highly influences permissible soil loss limits and related financial expenses of erosion-control measures. Brychta and Janeček (2017) presented discrepancies in rainfall erosivity calculation and estimation. Many authors developed different methods of R estimation due to a lack of optimal data for calculation according to original methodology. In general we can divide methods for rainfall erosivity factor (R) calculation into two groups: (1) based on low temporal resolution of rainfall data -yearly, monthly or daily rainfall totals (Schwertman et https://doi.org/10.17221/91/2018 -SWR al. 1987 Renard & Freimund 1994; Mikhailova et al. 1997 ; Van der Knijff et al. 2000; Loureiro & Countinho 2001; Diodato & Bellochi 2007; Bonila & Vidal 2011; Lee & Heo 2011; Panagos et al. 2012; Hermando & Romana 2015; Pretl in Brychta & Janeček 2017) , (2) based on high temporal resolution of rainfall data -1−30 min (Janeček et al. 1992 (Janeček et al. , 2006 (Janeček et al. , 2013 Dostál et al. 2006; AnguloMartinez et al. 2009; Meusburger et al. 2012; Fiener et al. 2013; Klik & Konečný 2013; Panagos et al. 2015; Hanel et al. 2016; Panagos et al. 2017; Pretl in Brychta & Janeček 2017; Sokolová in Brychta & Janeček 2017 ). In the methods based on low temporal resolution data the key aspect of rainfall erosivity -rainfall intensity was not considered. Several problems with the high resolution rainfall data approach were discussed (Panagos et al. 2015 Hanel et al. 2016; Brychta & Janeček 2017) . These authors defined mainly these uncertainties in the R map creation: formulation of rainfall kinetic energy, number of stations and their spatial distribution, recording temporal resolution, recorded time period, interpolation method and used covariates (cokriging method). Brychta and Janeček (2017) highlighted also uncertainties connected with the type of used recording equipment and especially with determination of erosion rainfall criteria. For the application of a high resolution rainfall data approach long-term continual data from a network of specific rain gauges -pluviographs/ombrographs are necessary. Therefore only a few studies in Europe used this approach. Wischmeier and Smith (1978) and Renard et al. (1997) considered 22-year records as a minimum for the representative R fac- (Hanel et al. 2016) . Hanel et al. (2016) and Foster et al. (2003) considered 15 years as sufficient in accordance with Verstraeten et al. (2006) . Renard et al. (1997) recommended longer records than 22 years. According to Verstraeten et al. (2006) more than 10-year records should be used.
In Table 1 we summarized recorded period lengths used for all created R maps for the CR and some other countries or areas. For the area of the Czech Republic several works were published especially in the last years by Janeček et al. (2006 Janeček et al. ( , 2013 , Hanel et al. (2016) or Brychta and Janeček (2017) . Janeček et al. (2006) highlighted the importance of erosion rainfall criteria -rainfall total and rainfall intensity. This means that the rainfall fulfilling these criteria causes a significant soil loss. We summarized these criteria used by several authors in Table 1 . Most of the authors agree with minimal rainfall total of 12.5-12.7 mm. The main difference is in the rainfall intensity criteria. The preconditions OR/AND determine if the rainfall intesity and rainfall total criteria are fulfilled simultaneously or not. Janeček et al. (2006) confirmed that both criteria should be fulfilled simultaneously (precondition AND).
METHODS
We used data from 8-year monitoring of experimental runoff plots, which includes total 100 rainfallrunoff events and caused soil losses. The highest temporal resolution (1-min) rainfall data were measured using 2 ombrographs. Parameters of rainfall amount, 15-and 30-min intensity (I 15 , I 30 ) and antecedent precipitation index (API) were calculated. Dimensions of plots were 25 × 2 m with the slope of 15%. Plots were with bare soil and soil erodibility factor was 0.49. Using level gauges runoff volumes in collecting containers were measured. Experimental plots were cultivated after every rainfall event. After every rainfall event which caused runoff soil losses were analysed. Summarization of measured results is shown in Table 3 . According to these results R factor maps with different erosion rainfall criteria were calculated (Table 2) .
We used records from a network of 32 ombrographic stations with the highest temporal resolution 1-min rainfall data for the period 1955-2000 with an average length of 35.6 years. Geographic location of used stations is shown in Figure 1 . We analysed 8951 rainfall events based on 1-min temporal resolution. For the calculation of R factor values was used methodology according to Wischmeier and Smith (1978) with modification of erosion rainfall parameters according to Table 2 using Eq. (1-3):
( 1) where: R -rainfall erosivity factor (MJ/ha·cm/h) E -total kinetic energy of rainfall (J/m 2 )
The total kinetic energy of rainfall is:
where: E i -kinetic energy of rainfall in the i-section:
where: Panagos et al. (2015) : MJ/ha•cm/h instead MJ/ha•mm/h.
For the interpolation of R factor values a geostatistical method Empirical Bayesian Kriging was used (Pilz & Spock 2007) . Using map algebra in GIS environment all created R maps were compared to figure out differences in R values and their spatial distributions caused by different erosion rainfall parameters.
RESULTS AND DISCUSSION
Results of erosion rainfall criteria verification based on monitoring parameters of 100 rainfall-runoff events and caused soil losses and runoff volume on experimental runoff plots are summarized in Table 3 and 4. We divided rainfalls into 4 categories:
(1) causing runoff > 5 m 3 /ha, (2) causing runoff ≥ 10 m 3 /ha, (3) causing soil loss > 0.5 t/ha = erosion rainfall (ER), (4) causing significant soil loss ≥ 1 t/ha = significant erosion rainfall (SER), (5) causing runoff with the concentration of soil particles > 50 g/l.
If only runoff volumes > 5 and ≥ 10 m 3 /ha were considered, there is only a 14.6% and 17.9% difference between preconditions OR and AND. If soil losses > 0.5 and ≥ 1 t/ha were considered, there is a 39.6% and 39.8% difference. It means if the precondition AND was fulfilled, there were 73.7% SER and 84.2% ER. For cases where the precondition OR was fulfilled, there were only 33.9% SER and 44.6% ER. It means that significant soil loss usually occurred when both conditions of rainfall total and intensity were fulfilled simultaneously (precondition AND). This is consistent with the statements by Janeček et al. (2006 Janeček et al. ( , 2013 and Brychta and Janeček (2017) . If we focused on each of these parameters individually, there were 38.6% more ER if the rainfall intensity (I 15 ) parameter > 6.25 mm/15 min was fulfilled than if the rainfall total (H) > 12.5 mm was fulfilled. These results proved that significant soil loss occurred if conditions of at least rainfall intensity were fulfilled.
In some cases when the erosion rainfall parameters were not fulfilled, API index was high or API + H > 30 mm and even more the rainfall intensity was very close to 6.25 mm/15 min (Table 5) . It means that moisture content in soil can play a very important role. That is why the above-mentioned criteria set by Wishmeier and Smith (1978) do not correspond to R = 0 but approximately R = 4 (Janeček et al. 2013) .
We tested the influence of moisture content expressed by API index. If API + H > 12.5 mm AND I > 6.25 mm/15 min, there were 71.4% SER and 85.7% ER. If we increased the condition of API + H to 25 mm, the number of erosion rainfalls rapidly decreased. Notice that in every case when the precondition AND or at least intensity was fulfilled, then a high percentage of significant erosion rainfall occurred. Table 3 and 4). Panagos et al. (2015 Panagos et al. ( , 2017 created R map using REDES database and available rainfall datasets from Europe and from the whole world. These datasets were in different temporal resolution 5-60 min. According to Yin et al. (2007) and Williams and Sheridan (1991) R factor is underestimated with the decreasing time step used. As a compromise Panagos et al. (2015 Panagos et al. ( , 2017 or Ballabio et al. (2017) used a 30-min time step of rainfall intensity. In Table 4 we tested also H -rainfall total; I 30 -max. 30-min rainfall intensity; SQL -preconditions AND/OR; N -number of rainfalls; % -percentage of rainfalls fulfilling given criteria; Q -runoff volume; G -soil loss; C -concentration of soil particles in runoff; API -antecedent precipitation index; the best results and therefore the recommended methodology is highlighted in bold Table 5 are summarized all parameters of rainfalls which caused soil loss > 0.5 t/ha. Figure 2 and Table 6 show the evaluation of dependence of all observed parameters on soil losses > 1 t/ha. The best correlation was found in I 15 with r 2 = 0.82 and I 30 with r 2 = 0.786. For I 15 and I 30 best fits logarithmic function. Parameters H, API+H and H o exhibit low correlations. R factor based on parameters I 15 > 6.25 mm/15 min AND H > 12.5 mm shows a statistically significant correlation r 2 = 0.55. We also focused on rainfall parameters causing the concentration of transported soil particles in runoff volume > 50 g/l. For this purpose the precondition with consideration of also API index: API + H > 12.5 AND I > 6.25 mm/15 min (66.7%) or API > 12.5 mm AND I > 6.25 mm/15 min (71.4%) shows the best fit. All rainfall parameters which caused soil losses and resulted in soil particle concentration > 50 g/l are summarized in Table 5 .
Our rainfall data have 1-min temporal resolution. This is a very unique dataset. Moreover, this dataset is for a long-term period of on average 35.6 years. Using Ø R -average of annual average R factors of all stations; Ø R n -average R factor for all rainfalls fulfilling given criteria 1-6; Ø N -average number of erosion rainfalls; Ø SD -average standard deviation from Ø R; condition 4 = 6 The precondition OR exhibits particularly lower average R of all rainfalls R = 9.1. It means that a high number of rainfalls was with low erosion potential and according to our results from Table 3 they did not cause any significant soil losses. Conditions 3 and 5 according to Table 7 have similar results like condition 1 but in the case of condition 5 the number of erosion rainfalls is highly underestimated (more than twice). Conditions 4 and 6 are equal and are also almost the same as condition 2. Using all above-mentioned conditions R factor values were calculated for all 32 stations and interpolated using the Empirical Bayesian Kriging method (Figure 3) . We can observe from Figure 3 that maps (a), (c) and (e) have a similar spatial distribution of R but with the above-mentioned differences. Maps (b) and (d) have almost the same spatial distribution and also R values. For each map an average for the whole country (red colour number) is shown. The comparisons in more detail are presented in Figure 4 . We can see the high R values in border mountain areas in all cases. The main aspect resulting from Figure 4 is a high overestimation of the number of rainfalls fulfilling the precondition OR resulting in an even twofold overestimation of R values especially in mountain areas.
In Figure 4 are shown differences caused by the given erosion rainfall parameters (Figure 3 and Table 7). Results are summarized in Table 8 . These spatial analyses show differences between the precondition OR/AND (Figure 4a, d ) and H -I 15 (Figure 4b ). There are significant differences increasing in mountain localities where annual rainfall totals are higher. In Figure 4c are demonstrated differences between the used intensity criteria I 15 -I 30 . In this case in the northeastern mountain area R factor is underestimated due to a lower number of erosion Table 7 ; Ø -average difference caused by erosion rainfall parameters; SD -standard deviation (Figure 4e) . In Figure 5 we tested a dependence of R factors calculated by the above-mentioned different approaches. All tested relations exhibit statistically significant correlations. Results are summarized in Table 9 . Using these equations R values can be converted to the method AND 15 : I 15 > 6.25 mm/15 min AND H > 12.5 mm.
CONCLUSION
We analysed erosion rainfall parameters based on 100 casual rainfalls and caused soil losses and runoffs from experimental runoff plots. Parameters I 15 , I 30 , H, API, API+H and the precondition OR/AND were evaluated. Only parameters I 15 and I 30 exhibit a significant correlation with soil loss ≥ 1 t/ha (I 15 with r 2 = 0.82 and I 30 with r 2 = 0.786). The main parameter which influenced the number of erosion rainfalls was the precondition AND/OR which determines if conditions of rainfall total H or soil moisture expressed by API have to be fulfilled simultaneously with rainfall intensity (I 15 or I 30 ) or not. Definition of erosion rainfalls was divided into 2 categories: rainfall causing soil loss > 0.5 t/ha and significant soil loss ≥ 1 t/ha. We proved that if parameters I 15 > 6.25 mm/15 min AND H > 12.5 mm were fulfilled, then 84.2% of rainfalls caused soil loss > 0.5 t/ha and 73.7% caused soil loss ≥ 1 t/ha. In the case of precondition OR only 44.6% rainfalls caused soil loss > 0.5 t/ha and 33.9% caused soil loss ≥ 1 t/ha. In some cases the results were influenced by soil moisture. We expressed soil moisture by API index and if parameters I 15 > 6.25 mm/15 min AND API+H > 12.5 mm were fulfilled, then 85.7% of rainfalls caused soil losses > 0.5 t/ha and 71.4% caused soil losses ≥ 1 t/ha. This condition also exhibits the highest percentage (66.7%) of rainfall-runoff events that caused the concentration of soil particles in runoff volume > 50 g/l. In the case of 30-min intensity similar results were obtained. If the parameter I 30 > 12.5 mm/30 min, then 84.6% of rainfalls caused soil loss > 0.5 t/ha and 69.2% caused soil loss ≥ 1 t/ha. If I 30 > 12.5 mm/30 min AND API > 12.5 mm, then 61.5% of rainfalls caused the concentration of soil particles in runoff volume > 50 g/l.
These results can be summarized as follows: the precondition OR overestimates the number of rainfalls in all cases in calculation of R factor. But the high percentage of these rainfalls does not cause any significant soil loss. We analysed 8951 rainfalls from 32 ombrographic stations with 1-min temporal resolution. If the precondition AND was fulfilled, there were on average 75.5 rainfalls, average R factor for each rainfall was 21 MJ/ha·cm/ha (without units below in the text) and average annual R factor was 45.4. In the case of precondition OR there were on average 279 rainfalls but average R factor for each rainfall was only 9.1 and average annual R factor was 67.4. Therefore if the precondition OR is used, R factor values are overestimated due to a high number of rainfalls with no or very low erosive potential. The resulting overestimated soil losses calculated using USLE/RUSLE subsequently cause an overestimation of financial expenses for erosion-control measures.
